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Coherent transient cyclotron emission from photoexcited GaAs
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Femtosecond photoexcitation near, but above, the band gap in GaAs epitaxial layers and doped heterostruc-

tures in magnetic fields is shown to produce transient coherent cyclotron emission, lasting for several picosec-
onds at low temperatures. This emission reflects the relatively long phase relaxation of coherent electronic

excitations associated with free electron iuLer-Landau-level transitions. In a doped, wide parabolic quantum

well, the photoexcited carriers drive the magnetoplasmon mode of the equilibrium carriers, producing a dra-

matic resonance as the cyclotron frequency crosses the magnetoplasmon frequency.

The generation of Thz electromagnetic transients from

semiconductor surfaces and heterostructures by interband ex-
citation with femtosecond laser pulses is an active topic of
research, in part due to the coincidental development of op-
toelectronic techniques, which allow subpicosecond resolu-
tion of the radiated electric field with high sensitivity, ' pro-
viding both amplitude and phase. The physical mechanism of
the THz generation at the surfaces has been described by two
effects, being due either to the acceleration of the photoex-
cited charges by surface space-charge fields (current surge),
or originating from the second-order nonlinearity

~E„ i.e., optical rectification augmented by the sur-

face field E, . ' At sufficiently high levels of intensity, it has

also been shown how the bulk component of y~ ~ can be-
come important. In undoped quantum-well structures, THz
emission has been observed due to coherent beating between
light- and heavy-hole excitons and charge oscillations in

asymmetric, coupled double quantum wells; the extension
of such experiments to superlattice structures has yielded co-
herent transients interpreted as excitonic Bloch oscillations.
Such studies not only demonstrate new sources of THz elec-
tromagnetic transients, but are useful in characterizing the

properties of the host systems, especially in terms of coher-
ence properties of electronic excitations in quantum struc-
tures.

On the other hand, the study of cyclotron emission has
been limited to the observation of incoherent generation
from free electrons, e.g., by passing a pulsed current through
a doped semiconductor in the magnetic field. Such experi-
ments do not afford subnanosecond temporal resolution; fur-

thermore, in actual practice, the associated detection methods
preclude phase-sensitive techniques in terms of identifying
electronic coherence. In the work described here, we employ
THz optoelectronic techniques to coherently detect transient
cyclotron radiation (CR) emitted from photoexcited GaAs
and GaAs/Ga, „Al„As samples with subpicosecond resolu-
tion; the peak power of this radiation is on the order of tens
of microwatts. The incident photon energies reach suffi-
ciently above the band gap so that the (coherent) interband
excitations are very unlikely to involve excitons; that is, we
are focusing our attention on the free carrier, Landau-level
excitations. We present results in this paper for two illustra-
tive cases: (a) an undoped epitaxial layer of GaAs (qualita-
tively similar results have been obtained in undoped

GaAs/Ga, ,A1,As heterostructures), where the magnetic-
field-dependent spectra exhibit simple electron CR behavior
whose temporal decay yields a measure of the phase relax-
ation of inter-Landau-level coherence; (b) a modulation-

doped heterostructure (here a wide parabolic Al, Gai, As
quantum well), which provides the additional presence of a
background equilibrium electron gas. In this latter case we
show that while photoinduced THz electron-cyclotron emis-
sion is also observed, a potent coupling to the equilibrium
electrons is seen, producing a striking magnetoresonance.

Both samples were grown in the [100]orientation; in the
modulation-doped A1„6a&,As parabolic quantum well

(PQW) the aluminum concentration was graded across the
well from x=0 to 0.30 to produce the parabolic potential
profile. It is well established for the ideal PQW that the elec-
trostatic potential by the free electrons subtracts from the
compositional conduction-band energy profile in the PQW so
that a flat band (i.e., field-free region) is obtained across a
central portion of the well. However, finite potential gradi-
ents do exist in the well region, particularly near the edges,
due to the modulation doping and incomplete well filling,
further enhanced by deviations from compositional parabo-
licity. The total equilibrium electron concentration in the
1000-A;wide well was n, =2.2X10"cm and the mobility
at T=4 K was p, = 10 cm /V sec. We chose the PQW struc-
ture to contrast with the bulk epilayer, since the effective
penetration depth of the incident photoexcitation could be
made comparable for the two; furthermore, the doped PQW
presents a very good approximation to an ideal three-
dimensional (equilibrium) electron slab. The output from a
100-MHz mode-locked Ti:sapphire laser, composed of 70-
fsec pulses and wavelength tunable in the vicinity of
X. =800 nm, was split into two parts, as depicted in Fig. 1.
Approximately 200 mW of average power was used to excite
the samples, over an area as large as 1 cm, maintained
typically at T=4 K in a superconducting magnet. The sec-
ond portion of the laser beam was used to gate a photocon-
ductive, silicon-on-sapphire-based antenna. By sweeping the
delay of the gating pulse with respect to the exciting pulse,
one time resolves the electric field emitted by the sample.
The frequency response of the antenna was calibrated by
comparing these measurements with a bolometer-based inter-
ferometer, which has no inherent bandwidth limitation' but
poorer sensitivity. The samples were tilted with respect to
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FIG. 1. Experimental geometry of the THz cyclotron emission

and detection.

both the B field and the direction of propagation of the ex-

citation beam by an angle of 8=25'; in this geometry the

antenna detected radiation emitted from the sample polarized

in the plane of tilt (TM).
In the measurements presented in this paper, the mean

photon energy of the exciting laser pulse was chosen to be
above the GaAs band gap by about E=50 meV (hence also

well below the absorption edge of the Al, Ga& As barriers

outside the PQW section in this sample). Tuning the excita-
tion closer to the band gap did not qualitatively change the

results; an abrupt drop in the signal was observed as the

photon energy decreased below the band gap, mirroring the

absorption edge. The estimated excitation density was

equivalent to approximately 10 cm nonequilibrium

electron-hole pairs in terms of real interband excitations. We

note that the relatively weak many-electron excitons that

have been identified in the modulation doped PQW's are

nearly screened at such levels of excitation. "
We might anticipate classically, i.e., in a free-carrier trans-

port model, some features of results in the [100]-oriented
GaAs wafer, where the velocity v gained by a photoelectron
or a hole subject to the surface-depletion field will be per-

pendicular to the sample surface [for the Lorentz force
F=e(E+ vX B) to create cyclotron motion, the sample must

be tilted with respect to the B field]. In the collisionless limit,
and ignoring electron-hole (exciton) interactions, the photo-

excited carrier will then radiate a circularly polarized wave at

the cyclotron frequency cu, =eB/m*, where m* is the ap-

propriate effective mass. Imposing a phase-matching condi-
tion for the oscillating carriers across the photoexcited area

of the sample produces two spatially coherent beams, which

follow the path and divergence of the reflected and transmit-

ted excitation laser beams, as depicted schematically in Fig.
1. Thus we can assume that approximately half of the total
emitted radiation is contained in the detected beam, half of
which is in the polarization direction picked up by the re-

ceiving antenna.
Figure 2(a) shows the electron-cyclotron oscillation wave

forms emitted from the undoped GaAs epilayer subject to
different magnetic fields, and the corresponding spectra cal-
culated from the Fourier transform of the temporal data (nor-
malized by the known receiver response). The bandwidth of
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FIG. 2. (a) Transient time-domain wave forms for photoexcited

cyclotron emission from a GaAs undoped epilayer at T=5 K in

varying magnetic fields from B= 0 to 3 T (in increments of 0.5 T),
and (b) the corresponding frequency-domain spectra, normalized by
the detector response.

our system ( v= 0.2—2.0 THz) naturally focuses on electron-

cyclotron motion, rather than hole motion, over the field

range in question. We emphasize that Fig. 2(a) plots the elec-
tric field, not an intensity, of the emission and is therefore
indicative of the coherent component of the radiation from
the photoelectrons (in the free-carrier transport model), or
interband polarizations over the macroscopic photoexcited
area (as discussed below). The electron effective mass de-

duced from this data is m*=0.068mo, consistent with ac-
cepted values for GaAs. The spectral structure in Fig. 2(b) is

dominated by the single peaks at cu, . The large initial in-

crease of the cyclotron emission amplitude with the B field is
most likely related to the increase in the inter-Landau-level
matrix element, similar to observations of cyclotron reso-
nance in an equilibrium electron gas by steady state far-

infrared (FIR) spectroscopy. A dephasing time of r=5 psec
of the electron coherence is obtained by fitting the measured
oscillation s to an exponentially damped sinusoid

[E(t)=cos(tu, t)e '~']. An additional low-frequency compo-
nent, nearly independent of the B field, is apparent above 1

T; this long-lived, quasistatic component is observable also
in the THz emission from various doped and undoped het-

erostructures. Recent measurements on a different sample
indicate that this emission is in fact due to heavy-hole CR,
and will be presented in more detail in a later paper.

Very clear electron-cyclotron resonance emission was also
observed in the modulation-doped parabolic-well sample.
However, the presence of the equilibrium electrons and the

closely spaced subband structure makes the real-time tran-

sients more complex, reflecting the coupling of the interband
excitations with the equilibrium electrons. The coherence
phase decay was approximately ~=3.0 psec for this sample
at T=4 K. The magnetic-field dependence of the Thz emis-
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FIG. 3. Spectra of the coherent photoexcited cyclotron emission
from the PQW sample in varying magnetic fields, at T=2 K. The
resonance at 1.3 THz corresponds to excitation of the magnetoplas-
mon mode of the equilibrium carriers. The spectra have been nor-

malized by the detector response.

sion spectra from the PQW sample is graphed in Fig. 3. Note
the distinct resonance enhancement in the emission at
co = 1.3 THz and B= 3.1 T. As discussed below, this enhance-
rnent runs counter to the observations made by conventional
FIR spectroscopy or THz transient transmission
measurements, ' which involve the coupling of the cyclotron
and magnetoplasmon modes.

While the observation of the transient cyclotron emission
is an intuitively pleasing result from the viewpoint of classi-
cally accelerating charges in a magnetic field, a question
arises immediately about the long measured dephasing times
~. Supported by a number of time-resolved experiments, it is
generally accepted that dephasing times associated with in-
terband excitations of GaAs bulk and QW's are below 1 psec
in zero magnetic field (including low temperatures), ' ' and
also in high magnetic fields. ' The THz emission, on the
other hand, corresponds to an intraband process, and so is
governed by dephasing process similar to those at work in

cyclotron-absorption measurements: scattering from impuri-
ties, phonons, interface roughness, etc. ; these may readily
match the experimental dephasing times.

In the absence of a rigorous theoretical model for THz
generation in a magnetic field, we consider some of the im-
plications of our results here in a speculative spirit. The free-
carrier model may be described either semiclassically as bal-
listic transport (i.e., the unconstrained dynamics of carriers
subject to the relevant fields) or quantum mechanically as
wave-packet evolution [i.e., the dynamics of a wave packet
consisting of excitations of the Landau levels within the laser
pulse spectrum (in our case, 10 or more Landau levels are
covered by the 20-meV-wide pulse)]. Using the language of
ballistic transport, we note that the surface field K in the
GaAs epilayer is of the order of 10 —10 V/cm, and will
tend to accelerate an electron in the direction of the magnetic
field (while generating cyclotron motion perpendicular to the
B field with a drift velocity in the direction of EXB). Bal-
listically, the electron will attain kinetic energy equivalent to
that of one longitudinal-optical (LO) phonon in
t=0.15—0.5 psec. This time domain is also typical of the
LO-phonon emission events by hot electrons in bulk GaAs,
thus establishing a time scale for inelastic scattering times in
our system. The level of photoexcitation is insufficient for

screening of the Frohlich interaction, so that many scattering
events are anticipated (at least as long as A, co, (&ficuLo,
where firaLo is the optical-phonon energy).

The long coherence time for the cyclotron motion perpen-
dicular to this acceleration (r=5 psec) would then suggest
that the LO phonons, if indeed emitted, must carry no net
momentum perpendicular to the surface field in each emis-
sion event, in order to prevent a break in the cyclotron phase.
Since even at B= 5 T (highest fields used in our experiment)
fiat, (&ficoLo, this condition would require that the electron
distribution function (in phase space) be highly anisotropic
along the direction of the surface field. Such a situation could
arise in conjunction with the coherent emission of LO
phonons, as detected recently by Kutt, Albrecht, and Kurz'
via femtosecond interband excitation screening of GaAs sur-

face space-charge fields.
Having already noted that a rigorous theory for THz gen-

eration in magnetic fields is absent, we suggest that our ex-
perimental observations are also consistent with the picture
in which the magnetic-field-dependent nonlinear susceptibil-
ity y (ra, —ta2, rat, cuz, B), enhanced by the presence of a
surface field, is responsible for the generation of the tran-
sient, coherent interband polarizations. The magnetic field
Landau-quantizes the conduction and valence bands; how-

ever, the large effective mass of the hole states together with
the anticipated higher intraband scattering rates make the
valence-band states less discernible in our experimental field
range. Thus the frequency difference term ao&

—co2 corre-
sponds to the inter-Landau-level difference in the conduction
band. (We ignore any magnetoexciton effects, since none
were found in the excitation spectra of the THz emission
near the band edge of our samples. ) The yt 1 process gener-
ates coherent electron polarizations, oscillating at
co, = co&

—co2 in the conduction band, which then decay by
intraband scattering processes. The Landau quantization con-
centrates significant oscillator strength to the near-band-edge
interband mixing elements, so that a g~ ~ process is enhanced
for the incident pulse spectrum (b,E=20 meV), which is
spread over several Landau levels. In this spirit, rough cor-
relation is expected of the coherent polarization decay with
the conventional cyclotron-resonance linewidth, and to a
lesser extent, also the dc mobility. More precise comparison
with the FIR spectra is not possible, since the measurements
are applied to an equilibrium, free-electron system in a
doped semiconductor. Nonetheless, the cyclotron resonance
linewidth in our PQW sample of DE =4 cm ', measured by
Karrai et al. , compares well with the decay rate obtained in
the transient experiments.

Strictly speaking, the THz emission experiment cannot
distinguish between radiation due to ballistic transport and a
surface-field-enhanced difference-frequency mixing. How-
ever, our observation of a sign change of the THz field upon
switching the sample tilt angle from positive to negative val-
ues does appear to rule out a bulk y~ ~ process.

The pronounced resonance enhancement at f= 1.3 THz in
the PQW sainple coincides with the magnetoplasmon fre-
quency A~h, ,„cos(H) due to the equilibrium electrons. This
collective excitation has been identified and characterized
on a similar PQW sample by standard FIR transmission. As
is obvious from Fig. 3, this feature appears as a resonance
rather than the antiresonance (anticrossing) observed for
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coupled eigenmodes, the latter of which results from the hy-

bridization of the CR and magnetoplasmon modes of the

equilibrium electrons in a tilted magnetic field. A resonance
of the type in the present case is attributable to a driven

oscillator; i.e., the coherent inter-Landau-level excitation at

to, (B)=eB/m* is driving the magnetoplasmon mode at

cop] Assuming these modes possess a homogeneous line-

width due to respective damping rates of r, and ~z&, the

resultant emission line-shape function from this serial pro-
cess will contain both resonances in the following form:

P(to, B)- 1/[( to —to, (B)) + 1/r, ][(co—
cozt) + 1/r t]. By

including an additional direct contribution of the photoex-
cited cyclotron emission, this equation qualitatively repro-
duces the observed spectra over the measured magnetic-field

range, including the double peaks, with r~&= ~,=3 psec.
A fundamental question concerns the microscopic mecha-

nism for this excitation transfer. Two main possibilities exist:
(i) coupling through the radiation field generated by the pho-

toelectron, and (ii) direct electron-electron interaction be-
tween the photoelectrons and equilibrium electrons. We
speculate that such symmetry-modifying processes that are
required are due to the Coulomb scattering by the photo-
holes. These issues are part of ongoing investigations.

In conclusion, we have observed ultrafast, coherent cyclo-
tron radiation, which is generated by the femtosecond laser
pulses incident on undoped and doped semiconductor hetero-
structures. The decay of the coherent electron polarizations
occurs within several picoseconds at low lattice tempera-
tures. The photoexcited carriers couple to the equilibrium
electron gas in a doped parabolic quantum well through the

magnetoplasmon mode, driving it to resonant emission at

co, sweeps through co&&.
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